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neurons

Bfour components of neurons
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neurons as input-output units
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spike recorded intra-cellularly
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spike recorded extra-cellularly
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threshold behavior
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temporal summation
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two functional components

B membranes:
dendrites, soma,
aXxons

B synapses

membrane potential (mV)
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membrane

B membrane=double lipid layer that is an electrical
insulator

B neuron is electrically charged: more negative
potential inside than outside cell

M based on ions K+, Na+, and CI-
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membrane
B higher concentration of K+ inside cell
B ower concentration of Na+ inside cell
B membrane less permeable to Na+ than to K+
B => Na+ gradient is steeper than the K+ gradient

B => more positive outside cell
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membrane

Mgradient comes from ion pumps: protein channels
in membrane that transport Na+ out of cell, K+
into cell, establishing gradient

Mthis is where energy is consumed (a lot): ATP used
to pump ions
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synapses
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two types of synapses

((.\1 icrotubule
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Melectrical: currents across the |
membrane directly from one ™
cell to another through “gap
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Mitochondrion

M very fast, but not flexible. i />“f"“£ PO aptic
M exists in the peripheral nervous e st oo il
system... but not very common s L it s
e ° ‘ Pt .

[Source: Neuroscience. 2nd edition. Postsynaptic
Purves D,Augustine GJ, Fitzpatrick D, et al., editors. REmte
Sunderland (MA): Sinauer Associates; 2001 .]

Gap junction channels



two types of synapses

B chemical:

B pre-synaptic cell releases
neurotransmitter in response to
an action potential that arrives
through the axon

M post-synaptic potential induced by
action of neurostransmitters on
receptors

[Source: Neuroscience. 2nd edition.
Purves D, Augustine GJ, Fitzpatrick D, et al., editors.
Sunderland (MA): Sinauer Associates; 2001 .]
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two types of synapses

(B)
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post-synaptic potentials

(A)

B depending on the "
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spiking mechanism

electrode
Spike emission
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spiking mechanism

Mall or none nature of spikes

M spike generation is

electrode

coincidence detection J' Spike emission
M overlap of incoming post-synaptic L

potentials that have propagated to B e & 9

soma within about 10 ms required

to sum... synapse | (NN iy

M typical in cortex: |0 inputs needed, potential
10000 potential inputs...

M neuron as a “‘switch”



Hodgkin-Huxley
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Hodgkin-Huxley
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Hodgkin-Huxley

Mbased on data from squid-axon...

t [ms]



Hodgkin Huxley

M the spiking mechanism is an instability =>
threshold effect
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Hodgkin Huxley

M spike rate reflects input current
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Hodgkin Huxley

B time varying inputs make time varying rate
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Conduction along axons

oligodendrocyte

M spikes travel down the
axon... major source of
time delays

nodes of
Ranvier

Msaltatory conduction based Vo ¢ e
on myelination :




Conduction along axons

M spikes travel down the
axon... major source of
time delays

Propagation speed (m/s)
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Synaptic dynamics

B represent the current induced by a
presynaptic spike as a time dependent
conductivity of the dendritic membrane,
g syn(t) and induces a current

| _syn=g_syn(t) (u - E_syn)

Mg syn(t)=exponential time course with time
scale in ms range
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Dale’s law

Mall synaptic connections coming from a given
neuron are of the same type

(A) 1 Excitatory synaptic connection
between neurons 1 and 2
Inhibitory synaptic connection
between neurons 1 and 2

®) possible impossible



Patterns of connectivity

Bforward connectivity

(A) Disynaptic connectivity between P and Q
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Patterns of connectivity

B recurrent connectivity

(A) Feedback excitation
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Learning by plasticity

M learning is mediated by synaptic plasticity

M synaptic strengths change as a function of
pre/post synaptic neural state



Hebbian Learning in experiments (schematic)
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Learning by plasticity

M spike-time dependent plasticity

M strengthening of synapses in which pre-synaptic spike
precedes post-synaptic spike

B weakening synapses when the temporal order is the
reverse...



Spike-time dependent plasticity
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Supiculum
29/30 Indusium
1

....back to —
the brain

M organization of the
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Cytoarchitectonics

M |ayered structure of cortex and many
subcortical structures

B homogeneous along surface

B boundaries of areas well-defined
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[Binzegger,
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Martin 2004]




Canonical cortical circuits

o o Area B
Blocal connectivity ., -1~ - I
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Canonical cortical circuit

B three-layer response
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Functional mapping

M link anatomical structures to
function

B based on input-output relations 1 -

M... and on neuropsychology/ Vo

cognitive neuroscience




Sensor cells

Taste

Smell

Vision

Pain

Proprioception

Thermal senses

Balance

Touch

Hearing
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Sensor characteristic

0.2

0.1 —

Amount of stretch (mm)



Neuron response (total spikes/stimulus)

Sensor characteristic

Neural code of stimulus magnitude
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A Phototransduction and neural signaling

Sensor characteristic R

inactive active
Ic::)I

Tee=]

Na* J===y}

Na*
channels < Jle===| > channels
open IC____)I closed

&
J (===
P P Cell Cell hyper-
depolarized polarized
Glutamate G\lutamate
released release
reduced

C Voltage response to light

Dark Light Recovery
Rod
0 —
S
g -
[0
(@]
= L
°
>
o
° L
N
[a W
_20 L
L cone
0 —
>
£ L
[0)
(&)}
S L
Ke)
>
e}
46 -
N
o
8L
/—\ 1 1 1
0 0.2



Sensory networks

M retinal network

light axons project
into the brain

retinal ganglion
cells

amacrine cells
bipolar cells

horizontal cell

photoreceptors

back of the eye



Sensory networks

M receptive fields

(A) A ganglion cell is connected to the photoreceptors
occupying a roughly circular region

ganglion cell /\
O

bipolar cells

photoreceptors

(B) Receptive fields of neighboring ganglion cells
overlap




Sensory networks
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Sensory networks
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Sensory networks

M tuning curves in primary visual cortex
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A Visuotopic map
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Motor neurons

Muscle B

Muscle r

fibers
N —

Muscle A

Motor
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Ventral root

Motor Motor
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Motor neurons
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Peripheral neural circuits

M stretch reflex

B Monosynaptic pathways (stretch reflex)

Ia afferent —
fiber

Ia inhibitory
interneuron

Alpha motor
neuron

7 [ Antagonist
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Motor networks

Somatosensory

Premotor
cortex

Motor
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Functional organization of the brain

Hippocampus

\

Sensory input Sensory Cortex

Premotor
PFC g Motor

b |
Thalamus \t

Cere-

. bellum
Basal ganglia
Hypothalamus

Central grey
l l Motor output 4

[Lisman, Neuron 2015]




Challenge

B understanding how the functional
organization structures behavior

Min closed loop with the environment

M and with internal closed loops (mostly within
areas/populations)

B => need dynamics to understand that....



